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Abstract
It is now 15 years since the ﬁrst genome of a free-living organism was sequenced. Subsequent to this milestone, a veritable avalanche of
genome sequence data has revolutionized many aspects of microbiology. In this review, we discuss recent progress on the genomics of
Enterococcus faecalis and Enterococcus faecium, which are the two enterococcal species that cause the large majority of enterococcal
infections. We focus on the genome-based analysis of enterococcal diversity and phylogeny. Studies based on comparative genome
hybridization have shown that both species exhibit considerable inter-strain genomic diversity, which is mainly linked to the variable
presence of phages, plasmids, pathogenicity islands and conjugative elements. We also discuss how the advent of next-generation
sequencing technologies allows for a comprehensive characterization of the gene repertoire of multiple isolates, which can be used for
extremely robust analyses of diversity and population structure.
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Introduction
Enterococci are Gram-positive lactic acid bacteria that have
long been regarded as harmless commensals of the gastroin-
testinal tract of humans and animals. However, in the last
20 years, they have become an increasingly important cause
of infections in hospitalized patients [1]. The two most com-
mon causative agents of enterococcal bacteraemias are
Enterococcus faecalis and Enterococcus faecium. E. faecalis and
E. faecium are associated with approximately 60% and 40%,
respectively, of hospital-acquired infections caused by
enterococci [2,3]. E. faecium in particular has rapidly accumu-
lated antibiotic resistance genes, including those for clinically
important antibiotics such as vancomycin and ampicillin. By
contrast, resistance to ampicillin and vancomycin in E. faecalis
remains relatively rare [2]. In addition to the accumulation of
resistance genes, strains of E. faecalis and E. faecium isolated
from hospitalized patients appear to be enriched in genes
encoding surface proteins that may mediate interactions
between the host and the bacterial cell [4,5].
Epidemiological typing of both E. faecalis and E. faecium has
mainly been performed by pulsed-ﬁeld gel electrophoresis
and, more recently, by a DNA sequence-based approach
termed multilocus sequence typing (MLST). In MLST, a set of
seven housekeeping genes is sequenced. These sequences are
deposited in publicly available on-line databases that can be
queried to determine the genetic relatedness of strains, this
being the primary goal of MLST. The sequence data from the
MLST databases can also be used to infer population struc-
tures and predict patterns of evolutionary descent [6,7].
MLST-based studies of E. faecium and E. faecalis have shown
the existence of host-speciﬁc genogroups. In particular, strains
that were isolated from hospital-acquired infections clustered
together in speciﬁc groups, termed clonal complexes (CC).
CC2 and CC9 in E. faecalis and CC17 in E. faecium have been
associated with nosocomial infections [1].
The study of microbial pathogens has been revolutionized
since the ﬁrst microbial genome sequences were determined.
Genome sequences have revealed many important aspects of
the evolution of virulence in pathogens [8]. In addition, gen-
ome sequences form an essential starting-point for genome-
wide functional studies aiming to decipher the mechanisms
involved in colonization of the host and subsequent infection.
Here, we review recent genome-based insights into the
diversity and population structure of both E. faecalis and
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E. faecium. These studies have revealed the large intra-spe-
cies diversity of enterococcal genomes and have further
reﬁned our understanding of the population biology of both
species.
Enterococcal Genomes
Genomic research into enterococci commenced with the
identiﬁcation and sequencing of a 153-kb pathogenicity island
(PAI) in E. faecalis strain MMH594 [9]. This high-level genta-
micin-resistant strain had caused multiple life-threatening
infections in the mid-1980s. The PAI of E. faecalis MMH594
was found to carry the cyl genes and the esp gene. The cyl
genes are needed for the production of a two-peptide lytic
toxin (cytolysin) that is active against Gram-positive bacteria
and eukaryotic cells [10]. Cytolysin has been shown to be
important for virulence in experimental endophtalmitis,
endocarditis and peritonitis [11]. The esp gene encodes a
large LPxTG-anchored surface protein, which contributes to
bioﬁlm formation on abiotic surfaces [12] as well as urinary
tract infection in an animal model [13].
The ﬁrst complete genome sequence of E. faecalis was
determined for strain V583 [14], which was the ﬁrst vanco-
mycin-resistant clinical E. faecalis isolate to be reported in
the USA. This strain contains most of the PAI of MMH594
but lacks the esp and cyl genes because a 17-kb DNA frag-
ment carrying these genes has been excised from the PAI.
Subsequent to the determination of the E. faecalis V583 gen-
ome sequence, two other studies have reported E. faecalis
genome sequences. In 2007, a partial genome analysis of
E. faecalis strain Symbioﬂor 1 was published [15]. This strain
is proposed to have probiotic properties and lacks many of
the virulence factors associated with pathogenic enterococci
but, because the sequence data for this strain have not been
made publicly available, this study appears to be of limited
relevance. The most recent E. faecalis genome sequence to
be published is that of strain OG1RF [16], which is a com-
monly used laboratory strain for molecular studies. Unfortu-
nately, the publicly available OG1RF genome sequence is not
annotated completely, which may diminish its usefulness as
starting-point for genome-wide studies.
The ﬁrst genome sequence of E. faecium strain TX0016
(the designation DO for this strain is also commonly used)
was announced in the year 2000 [17]. This strain was iso-
lated in 1992 from a case of endocarditis in the USA [18].
The sequence of TX0016 has not yet been ﬁnished. Indeed,
we noticed that, in its current assembly, genes encoding
products that are essential for bacterial life (such as ribo-
somal proteins) are missing, indicating that the currently
available assembly of the TX0016 genome sequence is
incomplete. Consequently, E. faecium may be the only major
nosocomial pathogen for which no complete genome
sequence is publicly available, and this may have resulted in
the relatively poor understanding of the fundamental biology
and virulence-associated traits of this organism compared to
E. faecalis. With the aim of at least partially resolving the cur-
rent shortage of genomic information on E. faecium, we
recently performed a genome sequencing project of seven
E. faecium strains using pyrosequencing technology [19]. The
E. faecium strains in this study were isolated from different
ecological niches and chosen with different dates of isolation
(between 1961 and 2005) with the aim of covering both bio-
logical and temporal diversity within the species as much as
possible.
Comparative Genome Hybridization-Based
Studies of E. faecalis and E. faecium
Studies on the diversity and genetic relationships within
E. faecalis and E. faecium have been performed using
DNA-based techniques such as ampliﬁed fragment length
polymorphism and MLST. These studies indicated that spe-
ciﬁc sub-populations of E. faecalis and E. faecium are associ-
ated with nosocomial infections [1].
The availability of genome sequences for E. faecalis and
E. faecium allows for a more comprehensive study of geno-
mic differences between different isolates within the same
species than MLST, which is inherently limited to seven
housekeeping genes. Several research groups have studied
genomic diversity in E. faecalis and E. faecium by comparative
genomic hybridization (CGH). CGH is a microarray-based
method in which probes speciﬁc for the organism of interest
are spotted on microarray slides. Subsequently, genomic
DNA isolated from pure cultures can be isolated, labelled
with ﬂuorescent probes and hybridized to the microarray.
Only those microarray probes that hybridize to DNA in the
tested sample will give a positive symbol.
CGH studies of E. faecalis have been performed to identify
genes that are speciﬁcally present in clinical isolates, whereas
they are absent in dairy strains [20], aiming to study the
global genetic diversity of E. faecalis [21–23] and to speciﬁ-
cally determine variation within the E. faecalis pathogenicity
island [24]. These studies have revealed considerable varia-
tion in the genomic content of different E. faecalis strains.
This variation is mainly a result of the presence or absence
of mobile genetic elements such as phages and conjugative
transposable elements and variation within the E. faecalis
pathogenicity island. Two studies have compared CGH
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results with data generated by MLST and reached different
conclusions. McBride et al. [21] found that the relatedness of
the tested strains determined by CGH did not parallel their
MLST proﬁles. This discrepancy was proposed to be caused
by the large number of mobile genetic elements that spread
independently of genetic background through E. faecalis. To
correct for the potentially confounding effect of these mobile
elements, Solheim et al. [22] performed a clustering of their
CGH data after ﬁltering out all the data for the mobile ele-
ments of V583 and showed that CGH and MLST data are
correlated. This ﬁnding suggests that there could be lineage-
speciﬁc genes in E. faecalis and, indeed, several genes have
been proposed as markers for the MMH594/V583-lineage
[20,22].
A CGH-based study of the genetic variation of the PAI
indicated that gene loss and gain occurs in a modular fashion.
The presence of different modules within the PAI generally
does not correlate with relatedness of strains as determined
by MLST [24]. This observation indicates that the evolution
of the PAI is driven both by recombination and by the acqui-
sition and loss of mobile genetic elements within the PAI.
An interesting observation from these CGH analyses,
which conﬁrmed earlier PCR-based screening studies [25], is
that genes that are involved in the virulence of E. faecalis,
such as gelatinase, cytolysin, the enterococcal surface protein
Esp and aggregation substance, can also be found in nonclini-
cal E. faecalis strains, such as isolates from food or healthy
babies. The observation that genes related to pathogenicity
are common in nonclinical isolates suggests that these genes
may have hitherto unrecognized roles in the colonization of
healthy individuals and that the acquisition of virulence genes
alone is insufﬁcient to confer an infectious phenotype to
E. faecalis [26]. This observation was further conﬁrmed when
the virulence of two sequenced E. faecalis strains, V583 and
OG1RF, was compared in mouse models of peritonitis and
urinary tract infection [16] and in an infection model of the
nematode Caenorhabditis elegans [27]. Both studies show that
OG1RF and V583 have comparable virulence even though
OG1RF lacks many of the genes that are considered to be
important for virulence [16].
It should be noted that host factors undoubtedly also play
an important role during colonization and infection by
enterococci. However, the interplay between enterococci
and the human host is only poorly understood. Interestingly,
a recent study directly linked the use of broad-spectrum
antibiotics to colonization by vancomycin-resistant entero-
cocci (VRE) by showing that, upon antibiotic therapy, lower
levels of the C-type lectin RegIIIc are produced by the host,
resulting in markedly decreased killing of VRE in the intestine
of antibiotic-treated mice [28]. Although this study is impor-
tant for explaining why antibiotic treatment can lead to colo-
nization by VRE, the mechanisms explaining how enterococci
colonize the intestinal tract, as well as how they are able to
spread systemically during an infection, remain to be deter-
mined. It also does not explain why there is host-speciﬁcity
of VRE clones [29].
In two studies, the size of the E. faecalis core genome (i.e.
the number of genes that are present in all E. faecalis strains)
was estimated using the results from CGH experiments. The
values reported for the size of the E. faecalis core genome
were 2057 genes [21] and 2092 genes [22]. This relatively
small difference in core genome size estimates may be a result
of the somewhat different experimental and analytical set-up
of these two studies and/or the diversity in the strain collec-
tions used for the CGH experiments. However, it is obvious
from both studies that these estimated values for the E. faecal-
is core genome size are considerably smaller than the 3093
genes of the E. faecalis V583 genome [14], indicating that
approximately 30% of the V583 genome is not part of the core
genome and is therefore dispensable for the viability of E. fae-
calis. Interestingly, it was observed that a putative prophage
appears to be part of the core-genome of E. faecalis. Indeed,
this element was the only genetic element of phage origin in
strain OG1RF, which carries signiﬁcantly fewer mobile genetic
elements than strain V583 [16]. Presumably this prophage pro-
vides an important ﬁtness trait to E. faecalis and therefore it is
retained in the E. faecalis population.
In all E. faecalis CGH studies discussed here, microarrays
were used that were based on the E. faecalis V583 genome
sequence, sometimes supplemented with a relatively small
number of other E. faecalis genes previously demonstrated
to be involved in virulence or to be located on mobile
genetic elements. However, by mainly basing the microarray
on a single genome sequence, the microarray may not be
representative of the gene pool available to the bacterial spe-
cies as a whole. This limitation can be circumvented by spot-
ting sheared genomic DNA of several strains on the
microarray and subsequently sequencing probes that are dif-
ferentially present among the hybridized isolates. Such an
approach has been used in a CGH study of E. faecium [30] in
which isolates of different origins were hybridized to a mixed
genome microarray. This revealed that the majority of
E. faecium strains from clinical origins could be grouped into
a speciﬁc phylogenomic group, which was termed the hospi-
tal clade. Interestingly, the E. faecium clonal complex CC17
overlapped with this clade. A number of strains that, on the
basis of MLST, were not assigned to CC17, were also allo-
cated to the hospital clade by CGH. Most of these non-
CC17 strains were isolated from clinical infections, indicating
that the horizontal transfer of genes with a role in the colo-
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nization and infection of hospitalized patient is not limited to
CC17 isolates. Several genes were found to be speciﬁcally
present in the hospital clade, with the most prominent being
the insertion sequence element IS16. Other transposases or
IS elements were also found to be enriched in the clinical
isolates. Presumably, the acquisition of IS16 confers a degree
of genomic ﬂexibility to E. faecium, facilitating the sequential
acquisition of elements that contribute to the successful col-
onization and infection of hospitalized patients.
Multigenome Comparative Analysis of
E. faecium
The availability of multiple genome sequences of several strains
belonging to the same species allows for the detailed analysis
of the diversity and evolutionary relatedness within a bacterial
species [31,32]. We have recently performed a study in which
seven E. faecium genomes were sequenced by pyrosequencing
technology and this allowed us to determine a genome-based
phylogeny of E. faecium based on a set of 649 orthologous pro-
teins that were conserved in the different strains [19]. The
phylogenomic analysis of E. faecium revealed that one of the
seven sequenced strains is clearly distinct from the other
E. faecium isolates (Fig. 1). This strain was isolated from a
healthy individual and was assigned to MLST sequence type
(ST) 94. In MLST-based studies, ST94 and related STs were
also found to be quite distinct from other E. faecium strains,
suggesting that these strains could represent a genetically dis-
tinct sub-population of E. faecium [33]. The phylogenomic anal-
ysis also suggested that two strains, which, on the basis
of MLST, were assigned to CC17 (STs 17 and 78) were
evolutionary more closely related to each other than to any
other sequenced isolate. However, the difference in gene con-
tent between both strains was considerable (12% difference in
gene content), indicating that, even in strains that are relatively
closely related at the level of their core genome, the gain and/
or loss of mobile genetic elements is the leading force in deter-
mining strain-speciﬁc properties.
Using multiple genome sequences, it is also possible to reli-
ably estimate the core genome size of a bacterial species
[31,32]. For E. faecium, the value of the core genome size was
estimated to be 2172 ± 20 genes. With the total number of
genes within the sequenced E. faecium genomes ranging
between 2587 and 3043, this indicates that, in E. faecium, and
as in E. faecalis, up to 30% of the genome can be noncore.
Conclusions and Future Perspectives
Genome-based studies of enterococci have greatly reﬁned
our understanding of the genomic diversity of both E. faecalis
and E. faecium. These studies have conﬁrmed that speciﬁc
sub-populations associated with human infections exist within
both species, although it is probably incorrect to consider
these sub-populations as strictly clonal groups because large
differences in gene content can occur. The variable presence
of mobile genetic elements among isolates may indeed be
the most important factor in determining the phenotypic
characteristics of isolates within the species. Proteins that
have been associated with virulence appear to be variably
present among isolates of both clinical and nonclinical origin,
and may not be completely responsible for an infectious phe-
notype in both E. faecalis and E. faecium.
With the low cost and high-throughput capacity of gen-
ome sequencing associated with ‘next-generation’ sequencing
approaches such as pyrosequencing, it is expected that many
more enterococcal genomes will be sequenced in the fore-
seeable future. Indeed, in 2009, more than 20 draft genome
sequences of E. faecalis and E. faecium have been deposited
in the NCBI Genomes database. Future analyses of these
and upcoming genome sequences will undoubtedly further
reﬁne our understanding of the genus Enterococcus and pro-
vide an overview of enterococcal diversity and population
biology in unprecedented detail. It is no longer implausible to
consider that, in the near future, the sequencing of a bacte-
rial genome may become as routine as the current determi-
nation of an MLST proﬁle. Although the process of genome
sequencing is becoming ever cheaper and easier to perform,
E1039 (C; ST 42)
E980 (C; ST 94)
E1636 (I; ST 106)
E1679 (I; ST 114)
E1071 (H; ST 32)
E1162 ( I; ST 17)
U0317 (I; ST 78)
0.05
VRE
VRE
CC17
FIG. 1. Unrooted maximum likelihood tree of Enterococcus faecium
based on the concatenated alignments of 649 orthologous proteins
(containing 11639 residues) from seven different genome sequences.
Strains that belong to clonal complex 17 and vancomycin-resistant
E. faecium strains (VRE) are indicated. Together with the strain
codes, the source of isolation (C, human commensal isolate; H, hos-
pital surveillance isolate; I, isolated from human infection) and mul-
tilocus sequence type (ST) of the strains are shown. Adapted with
permission [19].
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the analysis of these sequence data currently remains a very
specialized and labour-intensive task. Further developments
in the ﬁeld of bioinformatics are therefore required before
genome sequencing of enterococci can routinely be per-
formed for typing purposes.
So far, genomics-driven research into enterococci has
focused on the identiﬁcation of genes directly involved in vir-
ulence. However, the underlying physiology and response
mechanisms to environmental conditions of enterococci (in
particular of E. faecium) are still relatively poorly understood.
This is a serious omission because microbial ﬁtness during
infection is an essential factor in the success of any microbial
pathogen. Transcriptome studies of the adaptive response
E. faecalis V583 to bile and blood showed major transcrip-
tional rearrangements under these conditions compared to
growth in laboratory medium [34,35]. It is likely that the
transcriptional reprogramming of E. faecalis observed in these
studies may be important during the colonization and infec-
tion of hospitalized patients by E. faecalis. We are of the
opinion that further genome-wide studies aiming to deﬁne
genes that are important during infection and colonization or
exposure to antibiotics will provide important data on rele-
vant aspects of enterococcal biology. This knowledge can
subsequently be applied to the development of novel treat-
ment strategies for enterococcal infections.
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